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Proteins are natural high polymers with molecular
weights in the range between 5000 and several million.
They are polycondensates of amino acids, with the
general formula (-NHCHRCO-),, where R can be any
of some 22 different amino acid side chains.

At any given set of conditions at which the protein is
not undergoing a conformational transition, all the
polymeric chains of a given protein are folded in essen-
tially identical fashion, resulting frequently in compact
globular structures. Thus, within the limits of thermal
fluctuations of the polypeptide chain fold, all the mole-
cules have identical secondary and tertiary structures.?

A feature of particular importance is the fact that, in
globular proteins which are soluble under physiological
conditions, when the molecules are native, 7.e., in the
conformation in which they occur in their natural sur-
roundings, most polar (and in particular ionizable) resi-
dues are located on the surface of the molecule in con-
tact with the aqueous solvent, while the interior (or
core) is made up to a large extent of nonpolar amino
acid side chains.* When the aqueous medium is per-
turbed by the addition of some organic molecules, such

(1) Publication No. 685.

(2) The secondary structure of a protein refers to the manner in
which the chain is folded, t.e., to the relative three-dimensional space
coordinates of consecutive amino acid residues; the tertiary struc-
ture refers to the manner in which folded chain segments are mutually

arranged with respect to each other and to the mutual ordering of

side chains.
(8) See, for example, J. C. Kendrew, Sci. Am., 205 (6), 96 (1961),
or D. C. Phillips, tbid., 215 (5), 78 (1966).

as urea or alcohol, or some salts, such as guanidinium
chloride, at a given concentration of the perturbant the
protein becomes denatured, i.e., its compact structure
opens up and the chain largely unfolds, exposing much
of the core to contact with solvent. This pattern of
folding and unfolding of the polypeptide chain raises
the questions: what are the forces that stabilize the
native structure of globular proteins, and in what
manner is this structure disrupted by the denaturing
agent? It is the purpose of this paper to consider some
aspects of the second question.

Protein Structure Stabilizing Forces

It is quite evident that the folding of a long-chain
polymer into a compact structure results in loss of
freedom of motion of the chain and, thus, in a decrease
of the configurational entropy. Thus, for a typical pro-
tein of 200 amino acid residues, folding into the native
structure may result in the loss of 200250 keal/mol of
protein of structure stabilization free energy.*s This
must, evidently, be overcome by opposite effects of
equal magnitude. Let us examine what these may be.

The forces which stabilize the protein structures are
predominantly of a noncovalent nature.®? The prin-

(4) W. Kauzman in “The Mechanism of Enzyme Action,” W. D.
McElroy and B. Glass, Ed., Johns Hopkins University Press, Balti-
more, Md., 1954, p 10. :

(5) C. Tanford, J. Am. Chem. Soc., 84, 4240 (1962).

(6) C. Tanford, Advan. Protein Chem., 23, 121 (1968).
(7) R. Lumry and R. Biltonen in “Structure and Stability of



cipal ones are: (1) hydrogen-bond formation, (2)
electrostatic interactions, (3) the hydrophobie effect.
In examining their contributions to protein conforma-
tional stability, the proper states to compare are the
native globular folded structure and the completely un-
folded random chain in which all residues are exposed
to solvent. ‘

For hydrogen bonding, the equilibrium to consider
is that between internal hydrogen bonds between
groups within the protein molecules and external hy-
drogen bonds between these groups and water mole-
cules. The difference between the energies of these
two end states has been shown on model systems to
be small3—1 and it is generally estimated that the
net contribution of hydrogen bonds to the conforma-
tional stabilization of proteins is not large.>” On the
other hand, the lack of formation of a potential internal
hydrogen bond results in destabilization by the energy
of that bond.

Electrostatic contributions can be of two kinds: (1)
charge—charge interactions between the ionizable groups
of the amino acid residues; (2) internal dipolar inter-
actions between peptide groups, in particular in or-
dered sections of a protein molecule, such as a helices.

Since proteins exist normally in a medium of high
ionic strength of the order of I'/2 = 0.15 and the
charged side chains lie on the surface of the molecule
exposed to solvent, any interaction between charges on
the surface are mostly screened out, resulting in little
stabilization. Conversely, acquisition by the protein of a
net nonzero (positive or negative) charge resultsin repul-
sion between the groups, i.e., in a net destabilization.!?

The internal dipolar interactions between peptide
groups within a protein molecule are a function of the
detailed conformation of any given protein. Brant and
Flory!® have concluded that “‘a peptide unit buried in a
long a-helical sequence experiences a favorable dipole
interaction energy of about —1.2 keal/mole.”

The third type of noncovalent contribution to pro-
tein structural stability is from the hydrophobic effect.
This effect stems from the unfavorable interactions be-
tween water molecules and the nonpolar residues of a
protein.514=18  When a hydrocarbon molecule is intro-
duced into water, it induces changes in water structure,

Biological Macromolecules,” S. N. Timasheff and G. D. Fasman, Ed.,
Marcel Dekker, New York, N. Y., 1969, p 65.
a ég)s)J. A. Schellman, Compt. Rend. Trav. Lab. Carlsberg, 29, 223
; ég))l. M. Klotz and J. S. Franzen, J. Am. Chem. Soc., 84, 3461
1962).

(10) H. Susi, 8. N. Timasheff, and J. S. Ard, J. Biol. Chem., 239,
3051 (1964).

(11) H. Susi in ref 7, p 575.

(12) C. Tanford, “Physical Chemistry of Macromolecules,” John
Wiley & Sons, Inc., New York, N. Y., 1961, Chapter 7.
( é(lsg) D. A. Brant and P. J. Flory, J. Am. Chem. Soc., 87, 663
1 ). '

(14) J. G. Kirkwood in ref 4, p 4.

(15) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959). N

(16) 8. N. Timasheff in “Proteins and Their Reactions,” H. W.
Schultz and A. F. Anglemier, Ed., Avi Publishing Co., Westport,
Conn., 1964, p 179.
a éé’g G. Némethy and H. A. Scheraga, J. Phys. Chem., 66, 1773

(18) J. L. Kavanau, “Water and Solute-Water Interactions,”
Holden-Day, Inc., San Francisco, Calif., 1964.

frequently decreasing its entropy. To minimize this
unfavorable entropy change, the nonpolar molecules are
forced to coalesce together into droplets or globules, re-
ducing their surface of contact with water. In a pro-
tein molecule, the amino acid side chains, which are
held together by the polypeptide backbone chain, cover
a wide range of polarity from highly polar ones, such as
the carboxylic groups of aspartic or glutamic acid, to
highly nonpolar ones, such as the benzene ring of phenyl-
alanine. Contact of the nonpolar residues with water
lowers the entropy of the system. Asa result, the pro-
tein chain is forced to fold into a micellar structure with
the hydrocarbon moiety on the inside of the globule and
the polar groups on the outside. Measurements of the
free energy of transfer of amino acids between water
and organic solvents'®* and theoretical considera-
tions! have shown that the removal of the nonpolar
residues from contact with water makes a major con-
tribution to the free energy of conformational stabiliza-
tion.s Thus, the hydrophobic effect is the result of the
abhorence of water for contact with hydrocarbons. It
is not due to the mutual attraction between the non-
polar side chains via van der Waals forces, as is some-
times implied. In fact, the van der Waals interactions
should not change greatly when an amino acid side
chain is transferred from water to the interior of a pro-
tein molecule, since in both cases the maximal possible
number of contacts, consistent with the structure of the
medium, is made between the amino acid radical and the
surrounding atoms whether water or protein.

Destabilization of Protein Conformation

Addition of various materials to an aqueous protein
solution results frequently in denaturation of the pro-
tein. The end product can be of two generally different
natures. (1) It may be a highly unfolded chain,
approaching the random flight conformation of syn-
thetic polymers; such denaturation occurs on addition
of urea and guanidine salts. (2) It may assume a
structure with long-range order, such as an o helix;
such denaturation occurs on addition of many organic
solvents, for example, acetone and various alcohols.?!+%2

The ability of various denaturants to alter the struc-
ture of proteins has been the subject of broad investi-
gation in recent years® In particular much insight
into the action of these agents has been gained from
studies on the degree of affinity which these substances
have for amino acids and various compounds that may
serve as models for structural components of profeins.
These studies have taken the form principally of sol-
ubility measurements!®-%:23-% and, thus, of the free en-

(19) Y. Nozaki and C. Tanford, J. Biol. Chem., 238, 4074 (1963).

(20) Y. Nozaki and C. Tanford, bid., 240, 3568 (1965).

(21) P. Callaghan and N. H. Martin, Biochem. J., 83, 144 (1962).

(22) 8. N. Timasheff, R. Townend, and L. Mescanti, J. Biol. Chem.,
241, 1863 (1966).

(23) G. C. Kresheck, H. Schneider, and H. A. Scheraga, J. Phys.
Chem., 69, 3132 (1965).

(24) D. R. Robinson and W. P. Jencks, J. Biol. Chem., 238,
PC1558 (1963).

(25) J. A. Gordon and W. P. Jencks, Biochemistry, 2, 47 (1963).

(26) D. R. Robinson and W. P. Jencks, J. Am. Chem. Soc., 87,
2462, 2470 (1965).



ergies of transfer of the amino acids from water to the
denaturing medium. As a result, it has been possible
to conclude that the unfolding of proteins by denaturing

solvents is closely related to their affinity for the amino

acid residues and the peptide groups.®24=2" The nature
of the unfolded structure appears to be controlled by
the interactions between the peptide groups andthe
solvent. Thus, the free energy of transfer of a peptide
group from water to 8 M urea is negative,!® and the pro-
tein structure approaches that of a random coil in which
the peptide groups are in contact with solvent. In the
case of ethylene glycol or ethanol, on the other hand,
the free energy of transfer of peptide groups from water
to the denaturant is unfavorable;® the denatured pro-
tein assumes an o-helical structure in which the peptide
groups are internally hydrogen bonded and partially
shielded from solvent by the surrounding side chains.

It is generally accepted at present that the confor-
mational stability of a native protein molecule in aque-
ous solution is the result primarily of the pressure
which water exerts on nonpolar residues, forcing these
into the interior of the molecule. Conversely, the dis-
ruption of the native structure of denaturing agents is
closely related to their interactions with the structural
components of the protein.®:#-2* There is no general
agreement, however, on whether it is the effect of these
denaturants on the bulk structure of water or their
direct interaction with structural elements of the pro-
tein which plays the predominant role. In a system at
equilibrium the various interactions between compo-
nents must be related as required by the Gibbs—Duhem
equation. Therefore, in the denaturation of proteins,
one may expect simultaneous changes in the structure
of bulk water, in the conformation of the protein, and in
the interaction between solvent components and parts
of the protein molecule.

In order to examine the degree of interaction between
protein components and solvents which accompany
protein denaturation, concomitant studies of confor-
mational transitions and protein—solvent interactions
have been carried out in our laboratory.2?—3! The
solvent systems used were water plus a-helix-inducing
organic solvent such as 2-chloroethanol, methoxy-
ethanol, and ethylene glycol. The proteins investi-
gated include g-lactoglobulin, bovine serum albumin,
lysozyme, and insulin. These studies consisted of two
parallel sets of experiments: (1) measurements of the
conformational change induced by the solvent; and
(2) measurements of the preferential interactions
between the proteins and solvent components. The re-
sults obtained with lysozyme will be used as an example
in this paper, although similar patterns were obtained
with all the proteins.

(27) C. Tanford, J. Am. Chem. Soc., 86, 2050 (1964).
(28) P. H. von Hippel and T. Schleich in ref 7, p 417.
(29) 8. N. Timasheff and H. Inoue, Biochemistry, 7, 2501 (1968).
(30) H. Inoue and 8. N. Timasheff, J. Am. Chem. Soc., 90, 1890
(1968).
¢ (31) M. E. Noelken and 8. N. Timasheff, J. Biol. Chem., 242, 5080
1967).
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Figure 1. Circular dichroism spectra of lysozyme below 250 my
in aqueous medium containing 0.01 M HCI, 0.02 M NaCl, and
various amounts of 2-chloroethanol. The numbers on the spectra
refer to the contents of 2-chloroethanol expressed as volume per
cent.

Conformational Changes

In the first type of experiment, conformational
changes were followed by changes in a particular spec-
tral property of the protein. In studies where the in-
duced transition is from the native protein structure to
a denatured structure with a high helical content, cir-
cular dichroism (CD) is a particularly suitable method.
The gradual changes which occur in a protein spectrum
as it undergoes a transition from its native structure to
a new one consistent with the solvent composition is
exemplified in Figure 1, where are shown the CD spectra
of lysozyme in aqueous medium and in various mixtures
of 2-chloroethanol with water. The observed pro-
gressive increase in intensity of the negative band at
207-209 mp and of the shoulder at 220 my is consis-
tent3?—* with the conclusion of Hamaguchi and
Kurono® that addition of 2-chloroethanol to aqueous
solutions of lysozyme increases the a-helix content of
the protein. For the purpose of a denaturation study,
however, the transition may be followed by observing -
the change in spectral intensity as a function of de-
naturant concentration without knowledge of the exact

(32) R. Townend, T. F. Kumosinski, S. N. Timasheff, G. D. Fas-
man, and B. Davidson, Biochem. Biophys. Res. Commun., 23, 163
(1966).

(33) 8. N. Timasheff, H. Susi, R. Townend, L. Stevens, M. J.
Gorbunoff, and T. F. Kumosinski in “Conformation of Biopoly-
mers,” Vol. I, G. N. Ramachandran, Ed., Academic Press, New York,
N.Y., 1967, p 173.

(34) 8. Beychok in “‘Poly-a-Amino Acids,” G. D. Fasman, Ed.,
Marcel Dekker, New York, N. Y., 1967, p 293.

(835) K. Hamaguchi and A. Kurono, J. Biockem. (Tokyo), 54, 497
(1963).



nature of the conformation to which the given spectra
correspond. Thus, in lysozyme the conformational
transition induced by 2-chloroethanol was followed by
plotting the CD band intensity at 207-209 my as a func-
tion of 2-chloroethanol concentration, as shown in
Figure 2. A major change occurs between 10 and 30
vol %, of 2-chloroethanol, with a continued gradual in-
crease in band intensity above this solvent composition.
For comparison, the viscosity data of Hamaguchi and
Kurono® are plotted on the same figure, indicating, as
well, a major conformational change, with expansion of
the protein. Such an expanded structure should be
characterized by an increase in side-chain exposure to
. contact with solvent.

Protein-Solvent Interactions

When a protein molecule unfolds, it is the previously
buried nonpolar residues which become primarily ex-
posed since the majority of the polar ones are already in
contact with solvent. Since nonpolar residues have a
greater affinity for nonpolar solvents than for water,
when the protein unfolds the amount of the nonpolar
solvent component should increase in the immediate
domain of the protein. )

In order to test this hypothesis, experiments were
carried out on the preferential binding to protein® of
solvent components in water—organic solvent mixtures.
In multicomponent systems, the preferential interac-
tions between macromolecules and solvent components
may be reflected in the variation of a number of
physical properties with solution composition. 2931543

Such properties may be the refractive index incre-
ment, the amount of light scattered from the solution,
the partial specific volume of the macromolecular com-
ponent, the vapor pressure of the solution, the varia-
tion in the equilibrium constant of a reaction with a
change in solvent composition, ete. In terms of a phys-
ical model the problem may be reduced to the defini-
tion of the kinetic unit for which the particular prop-
erty is being measured. Taking as an example light
scattering, which depends on the difference between the
refractive indices of the macromolecular kinetic unit
and the solvent, the situation may be described in terms
of the model of Figure 3. In this technique, the mea-
surements are based on the thermal fluctuations of the
macromoleculesét# (together with any solvent mole-

(36) In this paper the term “binding” is used in its most general
sense, namely the excess of a solvent component found in the im-
mediate domain of a portion of the macromolecule. There is no
implication either on the mechanism of this interaction or on the
presence of any specific sites at which solvent molecules become at-
tached in fixed orientation on the macromolecule.

37) E. F. Casassa and H. Eisenberg, Advan. Protein Chem., 19,
287 (1964).

(38) A. Vrij and J. Th. G. Overbeek, J. Colloid Sci., 17, 570
(1962).

(39) D. Stigter, J. Phys. Chem., 64, 842 (1960).

(40) E. F. Woods, S. Himmelfarb, and W. F. Harrington, J. Biol.
Chem., 238, 2374 (1963).

( (41) H. K. Schachman and 8. J. Edelstein, Biochemistry, 5, 2681
1966).
( 42) E. P. K. Hade and C. Tanford, J. Am. Chem. Soc., 89, 5034
1967).
(43) C. Tanford, J. Mol. Biol., 39, 539 (1969).
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Figure2. (A) Change in the intensity of the 207-209-my circular
dichroism band in lysozyme with addition of 2-chloroethanol; the
dashed line represents the viscosity data of Hamaguchi and
Kurono® obtained under similar conditions. (B) Change in
preferential binding to lysozyme of 2-chloroethanol as the concen-
tration of the latter increases; component 3 is 2-chloroethanol;
component 2 is protein; m;is concentration of component ¢ on the
molal scale, i.e., expressed as moles per 1000 g of water. All
measurements were carried out in the presence of 0.01 M HCl and
0.02 M NaCl.

(a) (b) (c)

Figure 3. Fluctuationsin solution of observed kinetic units. (a)
Fluctuations within a volume element. (b) Kinetic unit in a two-
component system; solvent (component 1) is bound to protein
(component 2). (c) Kinetic unit in a three-component system;
two solvents (components 1 and 3) are bound to protein (com-
ponent 2). Similar schemes apply to a number of thermodynamic
methods.

cules immobilized by them). In a two-component
system (water = component 1; protein = component
2) the refractive index of water bound to the protein
will, as a close approximation, not differ from that of
free water in the surrounding medium. Thus, any
technique based on the difference between the refractive
indices of solvent and macromolecule will detect only
the macromolecule and yield a result which is essentially
valid for the unhydrated macromolecule. When a
third component is added (let organic solvent = com-
ponent 3), the situation changes drastically. If com-
ponents 1 and 3 are immobilized by component 2 in a

(44) J. G. Kirkwood and R. J. Goldberg, J. Chem. Phys., 18, 54

(1950).
(45) W. H. Stockmayer, bid., 18, 58 (1950).



proportion identical with bulk solvent composition,
subtraction of the refractive index of the solvent mix-
ture from that of the solution results in a value very
close to that characteristic of the pure macromolecular
solute. If, on the other hand, the amounts of solvent
components bound to the macromolecule differ from the
proportion in which they are present in bulk solvent,
. then the value of a property, such as the refractive
index of the kinetic unit, will be that of the macromolec-
ular solute plus a contribution due to the excess of one
solvent component over the amount found in the bulk
solvent; this excess is the extent of preferential binding
of the solvent component to the macromolecule.
Expressing concentrations in molal units, at equilib-
rium, the change in solvent composition in the immedi-
ate domain of the macromolecule due to binding of
" component 3 to component 2 is (Oms/dmy) 1 p,,,, Where
m, is the molal concentration of component 4, u is the
chemical potential, and T and p are the thermody-
namic temperature and pressure. Using refractive
index, n, as the measured property, the value of the re-
fractive index increment of the kinetic unit, namely the
change in refractive index brought about by the addi-
tion of 1 mol of macromolecule, is (On/0ma)r,p.m, +
(0n/dms)r,p,m,(dMs/dM2)7,p,,,, i.e., the refractive index
increment of the unsolvated macromolecule plus the re-
fractive increment of the organic solvent component
multiplied by its excess in the immediate domain of the
macromolecule. It can be easily shown that this is
equal to the refractive index increment of the solute
over solvent with which it is in equilibrium, 7.e., (dn/
OM2)r,p,.,. The extent of preferential interaction of
component 3 with protein is then equal to

(a_m_) _ (a%) - (aén@m (1)

omy (b_n)
oms T,p.m,

Experimentally this reduces to measuring the refractive
index increment of component 3 and two measurements
of the refractive index increment of protein. The first
is at conditions in which the molalities of solvent com-
ponents are identical in the solvent and solution. The
second measurement is at conditions at which the pres-
sure and chemical potential of component 3 are iden-

tical in the protein solution and the mixed solvent.

This is very closely approximated by osmotic equilib-
rium between the two.?* Similar arguments and pro-
cedures apply to a number of other solution properties,
such as density or vapor pressure.

The sign of (dms/dms)z,,,,, may be either positive or
negative. A positive sign means preferential binding
of component 3 to a protein; a negative sign means a
deficiency in component 3 in the immediate domain of
the protein and, thus, preferential interaction with com-
ponent 1, 7.e., water. The two quantities are related

by eq 2.
(b_mz) _ ”J_(a_m_) @
omg T\Dopy ms\Omy T\Dopy

In our studies, the techniques used for measuring pref-
erential interactions were light scattering, differential
refractometry, and sedimentation equilibrium. Re-
sults obtained with lysozyme in the water—2-chloro-
ethanol? system are shown in Figure 2. It can be seen
that the variation of (dms/dms)z,, ,, with ms is quite
complicated. Below 35% of organic solvent, this
quantity gradually increases. Then, after passing
through a maximum, it decreases and becomes negative
above 60%; namely at high contents of the nonpolar
solvent component, in the vicinity of the protein, water
is found in excess over the amount present in the bulk
solvent.

Preferential and Total Solvation

Comparison of the solvent binding results for ly-
sozyme with those on the conformational transition, also
shown on Figure 2, does not reveal any immediate par-
allel between the solvent composition dependence of
[6'] and (Oms/Oms)7, ... It must be recalled, at this
point, that (dms/dmy)r,, . represents the preferential
interaction between component 3 and protein, 7.e., it is
essentially a comparison of the solvent compositions in
bulk and in the immediate domain of the protein.
Thus, if the total amount of water bound to the pro-
tein remained unchanged when solvent composition
was altered, its amount relative to the bulk solvent
would increase proportionately to solvent composition,
easily masking an increase in the binding of the non-
polar solvent component to protein. In order to ex-
amine this possibility, the observed preferential binding
of solvent, (dms/dms)onsa, may be decomposed into the
sum of two contributions; the first, (dms/dmyz)org, cor-
responds to the actual binding of organic solvent; the
second, (0m1/0mM2)nyar, is the contribution from tightly
bound water. The variation in the amount of bound
water with change in solvent composition may be ex-
pressed in general form, without assuming any model, as
a power seriesin organie solvent concentration, namely as
A + Bms + Cms® + .... A is the degree of hydration
of the protein in the native structure, expressed as moles
of water bound to 1 mol of protein; B, C, etc., represent
the dependence of hydration (positive or negative) on
the solvent composition. The actual binding of the
organic component to protein, then, is given by eq 3.

oms) _ (oms s ,
(bmz)orz B (bmd)obsd + ml(A + Bm3 + Cm3 + - .)
@

Calculation of the total binding of the organic sol-
vent to protein from the experimental value of prefer-
ential interaction requires, then, knowledge of the de-
gree.of hydration of the protein. This quantity is un-
certain since measurements of hydration are functions
of the methods used, but a reasonable estimate may be
made from various types of measurements. The con-
cept of hydration is quite complicated; it is a summation
of contributions from water molecules whose motions
are restricted to different extents by protein. The



quantity (9m1/9ms)nyar, corresponds to a summation of
the free energies of the various protein-water inter-
actions, since dm,/dmy, as a first approximation, is a
measure of du,/dm;, where p; is the chemical potential of
component 5. The quantity needed for the calculation
of eq 3 is the effect of protein on the chemical potential
of water in a true two-component system, i.e., Ou1/Oms;
this last quantity is not readily available. Estimates,
however, may be made of protein hydration from a
consideration of various experimental values. For the
purpose of calculations in the lysozyme system, a rea-
sonable value of hydration was taken as 0.30 g of water/
g of protein, giving 240 mol of water bound to 1 mol of
lysozyme, 4.c., A = 240. When protein structure is
loosened, water can enter into further interactions with
newly exposed peptide groups. Therefore, B in eq 3
was set equal to 20. The results of the calculation are
shown in Figure 4. The dotted line represents the con-
tribution of (dm;/dMa)nyar. Subtracting this quantity
from the experimental value of (dms/dms)r,,, ., (solid
. line) gives the dashed line, 7.e., (0mM3/OMs)org, OF the
true variation of the binding of the organic solvent to
protein as the solvent composition is varied.

Solvent Binding and Conformational Changes

Comparison of the results of the above calculation
with the change in secondary structure of lysozyme in-
duced by 2-chloroethanol (Figure 2) shows that (dms/
dMa)org and [6’] vary in nearly parallel fashion with
changes in solvent composition.

At closer examination, a remaining discrepancy be-
comes evident: whereas the amount of 2-chloro-
ethanol bound to protein reaches a high value already at
209, of that solvent component, the gross change in
structure of the protein occurs mainly between 15 and
409%,. Therefore, binding of organic solvent occurs al-
ready before the major conformational transition, mean-
ing that the nonpolar solvent component either inter-
acts with the protein in native conformation or induces
small conformational changes which do not lead to major
changes in CD absorption in thé far-ultraviolet spectral
region nor to shape changes reflected by an increase
in viscosity. Such small conformational changes should
involve mainly the tertiary structure of the protein.

In order to check this possibility, the CD of lysozyme
was examined as a function of solvent composition in
the spectral region between 250 and 330 mu, which re-
flects transitions principally of aromatic residues and
disulfide bridges. Lysozyme contains four disulfide
bridges, three tyrosines, six tryptophans, and three
phenylalanines. Their presence in asymmetric en-
vironment and their mutual interactions result in the
CD spectrum shown in Figure 5. Addition of 2-
chloroethanol leads to a series of changes in the spec-
trum. Below 12.59, 2-chloroethanol, the absorption
becomes slightly more positive, possibly reflecting the
change in the environment of some chromophores.®
Between 12.59, and 17.5% 2-chloroethanol, the CD
spectrum above 250 my changes drastically in char-
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Figure 4. Decomposition of the observed preferential interac-
tions between lysozyme and two solvent components (water and
2-chloroethanol) into contributions from each, in accordance with
eq 3, as described in the text. The solid line is the experimental
curve; the dotted line is the contribution of protein hydration;
the dashed line is the calculated absolute binding of 2-chloro-
ethanol to the protein. The error bars indicate the experimental
error in the measurement of binding.
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Figure 5. Circular dichroism spectrum of lysozyme between 320

and 250 my in the presence of various quantities of 2-chloro-
ethanol. The numbers on the spectra refer to the contents of

I?-chloroethanol expressed as volume per cent.

acter and the signal becomes very weak, as exemplified
by the spectrum obtained in 20% 2-chloroethanol,
shown on Figure 5. Such a spectral change indicates a
decrease in the order between the side chains in ques-
tion, the residues themselves having acquired an in-
crease in freedom of motion. The spectrum in 15%, 2-
chloroethanol is intermediate between the two ex-
tremes; it points to the partial perturbation of the ter-
tiary structure at a solvent composition at which the
globular nature of the protein appears to be still intact
(see Figure 2).

The progressive disruption of orders of protein struc-
ture may be understood in terms of the following con-




cepts. The structure of a globular protein, while
unique and rigidly folded as a first approximation, is
not absolutely impenetrable to solvent. The polypep-
tide chain of a protein molecule is constantly in thermal
motion and, as a result, it “breathes,” 7.e., openings are
constantly being formed and closed, through which
some solvent molecules may come into contact with in-
terior regions.®* Also, the difference in free energy
between a native globular structure and the unfolded
chain is of the order of 10-20 keal/mol.5 This means
that, at any moment, there is a very small, but never-
theless finite, number of molecules in conformational
states other than the native fold, including highly un-
folded ones. In such opened molecules, solvent may
come into contact with protein regions which normally
are in theinterior. This enables nonpolar solvent mole-
cules to enter into hydrophobic interactions with non-
polar interior residues. When the activity of the non-
polar solvent becomes sufficiently high, the interactions
between the nonpolar solvent molecules and some non-
polar protein side chains should acquire sufficient energy
to replace the internal interresidue hydrophobic inter-
actions with external ones between residues and solvent
molecules, essentially solubilizing local order in the pro-
tein and relaxing the mutual immobilization of side
chains and in particular of those located within the pro-
tein surface. In this manner the hydrophobic pressure
of water on the nonpolar residues can now be satisfied
by bringing them into contact with the nonpolar sol-
vent component.

Such a relaxation of the conformation of side chains
located on the protein surface should randomize their
positions in space and lead to a decrease in their optical
rotatory power and, thus, in the intensities of their CD
bands. The interactions between the denaturant sol-
vent and chromophoric groups can also be expected to
affect the transition moments of the latter, again
affecting their optical rotatory properties. This pat-
tern is consistent with the observations on lysozyme.
The structure of lysozyme may be described roughly as
. consisting of two compact moieties with a cleft between
them. The aromatic residues are distributed through
the protein on both sides of the cleft in different states
of accessibility to solvent. The mutual orientation of
tryptophans in particular permits extensive dipolar
interactions between residues. Interactions of the
nonpolar solvent with nonpolar residues in the protein
surface and in the cleft can perturb their order, affecting
the mutual orientation of the aromatic side chains.
" The change in the CD spectrum above 250 mu when the
amount of 2-chloroethanol is increased from 12.5 to
17.59, strongly suggests that such a mechanism may
indeed be operative in this protein.

A further increase in the nonpolar solvent component
brings about additional interactions with nonpolar re-
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gions of the protein. At a given solvent composition,
the internal hydrophobic interactions become so re-
laxed and are replaced by external ones to such an ex-
tent that the loss in entropy due to the folding into
globular structure is no longer compensated and the
protein unfolds. This occurs in lysozyme between 15
and 409, 2-chloroethanol.

Quite interestingly, a similar situation may exist in
the case of random structure-forming denaturants. In
measurements of the binding of urea to bovine serum
albumin, Gordon and Warren have shown that urea
molecules are increasingly bound to protein as urea con-
centration is increased even before reaching the level at
which conformational changes occur.#®  Then, at a given
urea concentration, the optical rotation of the protein
starts increasing rapidly with further urea binding.
Thus, in this case as well, a conformational change from
the native structure to a highly unfolded one is preceded
by the binding of the denaturant.

Concluding Remarks

The qualitative picture presented above of the events
which occur during the denaturation of a protein, in the
present instance lysozyme, although similar patterns
have been observed with g-lactoglobulin and bovine
serum albumin, in mixed solvents supports the concept
that local interactions between protein and denaturant
play an important role in inducing the structural
change. In the case of “helix-forming” solvents, the
major feature appears to be the replacement of internal
hydrophobic interactions between amino acid residues
by external ones between the residues and molecules of
the nonpolar solvent. This permits the chain to unfold
without imparting an unfavorable entropy to water and
to assume a final structure with greater freedom of mo-
tion consistent with the minimum free-energy charac-
teristics of the various constituent groups of the pro-
tein. The question of the effects of the denaturant on
the general structure of water in the bulk solvent is not
directly answered by the present studies. Clearly,
changes in water structure must occur when organic
solvent is added; these may lead to changes in the
strength of hydrophobic interactions. In fact, the
chemical potential of all components must change as the
solvent composition is altered and the protein structure
is transformed. Therefore, while local protein-solvent
interactions play an important role in the induction of
the conformational change, a contribution must also be
made by concomitant changes in water structurs.
Whether these last contributions are protein structure
stabilizing or destabilizing will depend on the nature of
the changes induced in the structure of water by each
particular perturbant.
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